Non-ribosomally synthesized peptides are a large class of medically and biologically important secondary metabolites produced by bacteria and fungi. They are biosynthesized by a special class of large, multifunctional enzyme called non-ribosomal peptide synthetases (NRPS). 1 NRPSs are organized into domains, each of which is ϳ600 amino acids in length and is responsible for the activation by aminoacylation and thioesterification of one constituent amino acid. NRPSs containing 1 to more than 11 domains are known. Some NRPS domains also catalyze amino acid modifications such as ␣-carbon epimerization/racemization and N-methylation (1) (2) (3) .
The filamentous fungus Cochliobolus carbonum (anamorph Helminthosporium carbonum or Bipolaris zeicola) synthesizes the cyclic tetrapeptide HC-toxin, the major form (HC-toxin I) of which has the structure cyclo(D-Pro-L-Ala-D-Ala-L-Aeo), where Aeo stands for 2-amino-9,10-epoxi-8-oxo-decanoic acid (4, 5) .
Three minor forms (HC-toxins II, III, and IV) differ slightly in amino acid composition (6 -9) . HC-toxin is an essential determinant of virulence and specificity in the pathogenic interaction between C. carbonum and its host, maize (Zea mays L.). Resistance to the fungus and insensitivity to HC-toxin are conditioned by the maize Hm1 gene, which encodes an enzyme, HC-toxin reductase, that specifically detoxifies HC-toxin by reducing the 8-carbonyl group of the Aeo side chain (10 -12) . Like other Aeo-containing cyclic tetrapeptides such as trapoxin, HC-toxin inhibits histone deacetylases in yeast, maize, insects, protozoans, and mammals (13) (14) (15) (16) .
The central enzyme in HC-toxin synthesis is HC-toxin synthetase (HTS), a 570-kDa NRPS with four amino acid-activating domains (17, 18) . Like other NRPSs, HTS activates its substrate amino acids (L-Pro, L-Ala, and D-Ala, but not D-Pro) by aminoacylation and thioesterification (19) . Partially purified HTS was also reported to racemize L-Pro and L-Ala to the corresponding D-amino acids (20) . Subsequent analysis of the amino acid sequence of HTS deduced from the DNA sequence of its encoding gene, HTS1, revealed the presence of a motif in domain A of HTS that was a candidate to be an epimerization "signature" for NRPS domains. This motif, (S/A)RTXGWFT(T/ S), was exclusively present in other known epimerizing NRPS domains, which at that time included only the single-domain enzymes gramicidin synthetase I and tyrocidine synthetase I and domain C of aminoadipyl-cysteinyl-valinyl (ACV) synthetase, a three-domain NRPS (18) . However, this epimerase motif is present only once in HTS, in domain A, whereas the ability of partially purified HTS to epimerize L-Ala as well as L-Pro (20) would appear to require that there be another copy of the motif in domain C.
Epimerization domains from many additional NRPSs have now been sequenced, and exhaustive alignment analyses indicate that there are definitely characteristic signature motifs (e.g. [I/V]HHLVVDXVSW) in all such domains. Clearly, HTS has only one epimerase motif, in L-Pro-activating domain A (1-3). Thus, it appears that the D-Ala of HC-toxin could not be made by HTS itself. The fact that HTS uses D-Ala (but not D-Pro) as a substrate in the ATP/PP i exchange assay suggested that the D-Ala in HC-toxin might be synthesized by a different enzyme. The original report that HTS could epimerize L-Ala could have been due to partial co-purification of this unknown enzyme with HTS (20) .
Cyclosporin is an undecapeptide containing D-Ala. Analysis of the primary sequence of its NRPS, cyclosporin synthetase, indicated that it, like HTS, also lacks an epimerization signature motif in its D-Ala-activating domain (domain A) (1) (2) (3) 21) . In this case, the producing fungus Tolypocladium niveum (Tolypocladium inflatum) has an alanine racemase that converts L-Ala to D-Ala for incorporation into cyclosporin by cyclosporin synthetase (22) . Therefore, it is possible that C. carbonum also has an alanine racemase to produce D-Ala.
HC-toxin production is controlled by a complex Mendelian locus, TOX2, in C. carbonum (23) . All of the known genes comprising TOX2 (which, to date, include HTS1, TOXA, TOXC, TOXE, and TOXF) are present only in HC-toxin-producing (Tox2 ϩ ) isolates, and, with one exception in some isolates, are all physically linked within a ϳ600 kb region. However, the TOX2 genes are not tightly clustered; for example, the two copies of HTS1 are separated by ϳ300 kb (23) (24) (25) .
Using a bacterial artificial chromosome library to find new genes involved in HC-toxin biosynthesis, we recently described TOXF, which encodes a putative branched-chain amino acid aminotransferase (BCAT) (26) . Immediately adjacent to TOXF was another gene, now called TOXG. This study describes the characterization of TOXG and biochemical and genetic evidence that it encodes an alanine racemase involved in HC-toxin biosynthesis.
EXPERIMENTAL PROCEDURES
Fungal Strains and Growth Conditions-SB111 (ATCC 90305) and SB114 are standard Tox2 ϩ (toxin-producing) and Tox2 Ϫ (non-toxinproducing) laboratory strains of C. carbonum, and 164R10 is a Tox2 ϩ progeny of a cross between them (24). Fungal growth conditions have been described previously (27) .
Nucleic Acid Manipulations and Sequence Analysis-C. carbonum DNA and RNA isolation was described previously (28) . DNA and RNA blotting, probe labeling, hybridization, cDNA and genomic library screening, and DNA subcloning were done following standard procedures (29) . Oligonucleotides were synthesized by the MSU Macromolecular Facility. Automated DNA sequencing was done at the Yale University Keck Foundation Biotechnology Resource Laboratory and at the MSU DNA Sequencing Facility. Sequences were assembled and analyzed with the DNAStar Software package (DNAStar Inc., Madison, WI). Protein sequence alignments were generated with the ClustalW Program (30) . The transcriptional start site of TOXG was determined by 5Ј random amplification of cDNA ends using a kit from Life Technologies, Inc. (31) . The primer for reverse transcription (GSP1) was 5Ј-CGATTCATTTTAGGGTGTGCCAGAT-3Ј, and the nested primer for polymerase chain reaction amplification (GSP2) was 5Ј-TGTTTCGAC-TAACCGGTAGCAGGG-3Ј.
Bacterial Complementation and Enzyme Assay-Escherichia coli strain TKL10 (dadX alr-ts, CGSC # 5466) (32) was obtained from the E. coli Genetic Stock Center at Yale University and maintained in LB medium supplemented with 200 g/ml D-Ala. The TOXG expression vector pARE was constructed by releasing a 1.2-kb fragment of the coding region of TOXG (lacking 14 amino acids at the 5Ј-end of the open reading frame) from pGC1, which contains a full-length cDNA copy of TOXG, by digestion with BamHI and KpnI and subcloning into pQE31 (Qiagen, Valencia, CA). The sequence of pARE was verified and then transformed into TKL10 by electroporation (2.5 kV, 25 microfarads, 200 ⍀, 0.1 cm cuvette) using a Bio-Rad Gene Pulser (Bio-Rad, Richmond, CA). Transformants were selected on LB agar plates containing 100 g/ml ampicillin at 42°C. Two independent transformants were designated TKL10T1 and TKL10T2.
To assay alanine racemase in transformed E. coli, the cells were grown in LB medium with 100 g/ml ampicillin at 37°C for 12 h and collected by centrifugation. The pellet was resuspended in extraction buffer (50 mM Tris, pH 8.7, 10% (v/v) glycerol, 4 mM EDTA, 20 mM dithiothreitol, and 30 M pyridoxal phosphate) and incubated with lysozyme (1 mg/ml) for 30 min. The cells were then broken by sonication and centrifuged at 20,000 ϫ g for 30 min. Alanine racemase was assayed in the supernatant (22) . The primary reaction contained 50 mM Tris (pH 8.7), 50 mM L-alanine, 20 mM dithiothreitol, 30 M pyridoxal phosphate, and an appropriate amount of protein extract (typically 10 g) in a total volume of 1 ml. After incubation for 1-4 h at 42°C, the reaction was terminated by heating at 95°C for 10 min. The reaction mixture was centrifuged, and 500 l of the supernatant was transferred to a new tube. Five hundred l of secondary reaction mixture (50 mM Tris, pH 8.7, 0.5 unit of D-amino acid oxidase (Sigma), 25 units of lactate dehydrogenase (Sigma), 2 mM UDP-galactose, and 0.2 mM NADH) was added to the primary reaction mixture and incubated at 37°C for 2 h. The decrease of absorbance at 340 nm compared with a blank (boiled enzyme) reaction was used to calculate the relative racemase activity.
Creation of a toxG Null Mutant-Fungal protoplast preparation, transformation, selection, and single-spore isolation of transformants were performed as described previously (17, 28) . Most strains of C. carbonum contain three copies of TOXG. Strain 164R10, which is Tox2 ϩ , contains two copies and was used for the mutation studies (24) . The two copies were sequentially mutated, the first by gene replacement mediated by double-crossover homologous recombination, and the second by gene disruption mediated by single-crossover homologous integration.
To make the replacement vector pTOXGR1, a genomic clone of TOXG (from plasmid pAATG1) was trimmed with EcoRV and HpaI to eliminate the TOXF coding region and re-ligated to make the intermediate construct pARM2. A 420-bp ApaI/PstI fragment (containing the 3Ј-end of the TOXG cDNA) from pGC1 was subcloned into the BamHI/PstI sites of pARM2 to make another intermediate construct, pARM3. The 512-bp internal SphI/PstI fragment (corresponding to ϩ362 to ϩ874 bp in the genomic sequence) of pARM3 was replaced by a hygromycin resistance cassette (composed of the E. coli hph gene encoding hygromycin phosphotransferase driven by the Aspergillus nidulans trpC promoter from plasmid pCB1003; Ref. 33) to make the final replacement vector pTOXGR1 (5.9 kb). The fragment (2.5 kb) containing the hph cassette plus flanking TOXG DNA was released from pTOXGR1 by digestion with NotI and HindIII and used for transformation.
To make the disruption vector pTOXGD1, an 8-bp BamHI linker was inserted into the unique SacI site of pARM3 to make pARM4. The central part of the coding region from pARM4 (a 512-bp SphI/PstI fragment plus an 8-bp linker) was then subcloned into the HindIII and XbaI sites of the pBC-phleo vector (Cayla, Toulouse, France), which contains the A. nidulans ZEO gene cassette for phleomycin resistance, to obtain the final construct pTOXGD1 (6.6 kb). Vector pTOXGD1 was linearized with BamHI before transformation.
Strain 164R10 was first transformed with the 2.5-kb fragment from pTOXGR1. Strain T697 with one copy of TOXG replaced with the hph cassette was selected in medium containing 120 g/ml hygromycin. Strain T697 was subsequently transformed with linearized pTOXGD1. Strain T698 with the second copy of TOXG disrupted was selected in medium containing 50 g/ml phleomycin.
Analysis of Mutants-HC-toxin was extracted from culture filtrates with chloroform and analyzed by TLC on Si250-PA plates (J. T. Baker, Phillipsburg, NJ). The solvent system was acetone:dichloromethane (1:1 by volume). HC-toxin was detected using an epoxide-specific reagent. The plates were sprayed with 2% (w/v) p-nitrobenzylpyridine in acetone, heated for 10 min at 110°C, and sprayed again with 10% (w/v) tetraethylenepentamine in acetone (10, 34) .
For mass spectrometry, the locations on the TLC plate of compounds of interest were identified by comparison to plates run in parallel that had been sprayed with the epoxide detection reagent, scraped from the TLC plate, suspended in ethanol, and centrifuged briefly. The supernatant was dried under vacuum and redissolved in glycerol-HCl solution for fast atom bombardment mass spectrometric analysis by the MSU-NIH Mass Spectrometry Facility.
Fungal pathogenicity was assayed on maize inbred Pr (genotype hm1/hm1) by spraying with conidia (17, 28) . Infected maize leaves were photographed every day from day 2 through day 6 after inoculation.
Feeding Studies-Modified Fries' liquid medium containing 2% (w/v) sucrose (27) was inoculated with conidia of C. carbonum and grown at room temperature (25°C) in still culture for 3 days before the addition of D-Ala to a final concentration of 1, 10, 25, or 50 mM. Cultures were allowed to grow for an additional 12 days before collecting the culture filtrates for HC-toxin analysis by TLC.
RESULTS
Characterization of TOXG-We previously reported the cloning of TOXF on the basis of its physical linkage to known TOX2 genes (26) . Within a 2.9-kb PstI/PstI genomic DNA fragment (cloned in pAATG1) containing TOXF, we detected a partial open reading frame that started immediately in the 5Ј direction of TOXF and was transcribed in the opposite orientation (Fig.  1) . A 1.1-kb PstI/HpaI fragment from pAATG1 was used as a probe to obtain a full-length cDNA clone (pGC1) of the corresponding gene, called TOXG. The insert of pGC1 was used as a probe to obtain the 3Ј-end of a genomic copy of TOXG (pGG2).
The inserts of plasmids pGC1 and pGG2 were sequenced on both strands (Fig. 2) . TOXG has one intron of 52 bp. The transcriptional start site is at Ϫ46 bp. The distances between the transcriptional and translational start sites of TOXF and TOXG are 195 and 299 bp, respectively. TOXG encodes a predicted protein (ToxGp) of 389 amino acids with a calculated M r of 42,700 and a pI of 6.5. ToxGp contains no predicted signal peptide or glycosylation sites (Fig. 2) .
The sequence of ToxGp showed strong similarity to threonine aldolases from many species (e.g. Gly1p of Saccharomyces cerevisiae, GenBank P30831) and to a sequence (the product of cssB) in the patent data base (GenBank A40406) annotated as encoding alanine racemase (EC 5.1.1.1) from the cyclosporinproducing fungus T. niveum (35) . The sequence of ToxGp is 42% identical overall to the product of cssB and 32% identical to Gly1p. The identity is spread throughout the proteins, with no bias toward any region. Two lysine residues, which are candidates to be the pyridoxal phosphate binding site and are also present in the same relative locations in the product of cssB and in Gly1p, were identified at positions 220 and 235 in ToxGp (Fig. 2) (36, 37) .
TOXG was present in three copies in all Tox2 ϩ C. carbonum isolates tested except 164R10, which had two copies, and was completely absent in all Tox2 Ϫ strains (data not shown). Like TOXF, TOXG mRNA expression was dependent on the regulatory gene TOXE (Fig. 3) . TOXE encodes a protein containing a bZIP DNA binding domain at its N terminus and four ankyrin repeats at its C terminus (25) . TOXE is also required for expression of TOXA, TOXC, and TOXD (25) . Recent unpublished results from this laboratory 2 indicate that ToxEp is a transcription factor that binds to specific consensus sequences in the promoters of the genes that it regulates.
Complementation of a Bacterial Mutant Deficient in D-Ala Synthesis-To test the putative function of ToxGp as an alanine racemase, we constructed a TOXG expression vector, pARE, and transformed it into bacterial strain TKL10, which is defective in D-Ala biosynthesis and therefore requires exogenous D-Ala for survival (32) . Two random transformants, TKL10T1 and TKL10T2, were selected from a LB plate containing 100 g/ml ampicillin at 42°C. The transformants survived without D-Ala supplementation (Fig. 4) . The alanine racemase activity in cell-free extracts of TKL10T1 and TKL10T2 was 2-to 3-fold above background. These experiments indicated that TOXG encodes a functional alanine racemase.
Creation of a toxG Null Mutant and Analysis of Its Phenotype-To investigate the role of TOXG in HC-toxin biosynthesis, both copies of TOXG in isolate 164R10 were mutated by transformation-mediated gene replacement or disruption. Homologous integration of the plasmid constructs into strains T697 (one copy disrupted) and T698 (both copies disrupted) was confirmed by Southern analysis (Fig. 5) . The 5.2-kb XbaI band, corresponding to copy 1 of TOXG, was gone in both T697 and T698, as predicted for gene replacement (Fig. 5A) . Subsequent transformation and homologous integration of pTOXGD1 into the 4.8-kb XbaI band (corresponding to copy 2 of TOXG) in strain T697 resulted in the disappearance of this band and the appearance of a new band of 18.0 kb, as seen in strain T698 (Fig. 5A) . This was predicted for homologous tandem integration of two copies of pTOXGD1 (17) . When the same blot was re-probed with the full-length cDNA clone pGC1, a 6.1-kb band hybridized in both T697 and T698, as predicted for the gene replacement event (Fig. 5B) .
The putative toxG mutant was tested by RNA blotting. Because TOXF and TOXG are tightly clustered, TOXF was included in the analysis to be sure that mutation of one gene did not affect the expression of the other. and the toxG null mutant T698 was analyzed on three identical blots by probing with TOXF, TOXG, or GPD1 (encoding glyceraldehyde-3-phosphate dehydrogenase as a RNA loading control). The results indicated that the toxF and toxG mutants had no detectable TOXF or TOXG mRNA, respectively, and that disruption of one gene did not influence the expression of the other (Fig. 6) .
Both the single (T697) and null (T698) toxG mutants showed normal growth and development on agar plates and in liquid culture. Along with its complete absence from Tox2 Ϫ isolates of C. carbonum, this indicated that TOXG has no essential housekeeping function.
HC-toxin was extracted from culture filtrates of the wild type and T698 mutant grown with or without D-Ala supplementation (Fig. 7) . Some wild type isolates of Tox2 ϩ C. carbonum produce four forms of HC-toxin that can be detected on TLC plates using an epoxide-specific reagent (8) . The three minor forms (HC-toxin II, III, and IV) contain Gly in place of D-Ala, D-trans-3-hydroxyPro in place of D-Pro, and 8-hydroxy-Aeo in place of Aeo, respectively. HC-toxin forms I, II, and III are active at 0.2, 0.4, and 2.0 g/ml, respectively, whereas form IV is active only at ϳ20 g/ml (6 -9).
The C. carbonum wild type isolate 164R10 produced HCtoxin forms I, II, and IV but undetectable levels of the most polar minor form, HC-toxin III. The apparent absence of HCtoxin III probably reflects natural variation among isolates of C. carbonum. The toxG null strain T698 did not produce forms I or IV but still produced form II (Fig. 7) . Form II differs from the others in having Gly in place of D-Ala (6) . The identities of HC-toxin II and IV were confirmed by mass spectrometry of samples scraped from the TLC plates. HC-toxin II had an experimental MH ϩ mass of 423.35 (theoretical for C 20 H 30 N 4 O 6 : 422.2165), and HC-toxin IV had an experimental MH ϩ mass of 439.39 (theoretical for C 21 H 34 N 4 O 6 :438.2478). When T698 was grown in medium supplemented with D-Ala, production of HCtoxins I and IV was restored (Fig. 7) . Higher D-Ala concentrations resulted in higher levels of the D-Ala-containing forms of HC-toxin (Fig. 7) . These results indicate that TOXG has a specific role in the production of forms of HC-toxin that contain D-Ala.
Pathogenicity of the toxG Mutant-To test the affect of the toxG mutation on virulence, conidia of C. carbonum wild type 164R10, single toxG mutant T697, and null toxG mutant T698 were spray-inoculated onto leaves of susceptible maize. On plants inoculated with the wild type, lesions became visible in 2 days, and after 6 days, the entire infected leaf was totally brown and dessicated (Fig. 8) . Mutation of one copy of TOXG had no apparent affect on virulence (Fig. 8) . However, mutation of both copies of TOXG slowed disease development. A large percentage of the infections initiated by T698 failed to develop into full lesions, and the lesions that did develop were consistently smaller than those caused by the wild type up to the first 6 days of disease development (Fig. 8) . At day 8, the toxG mutant caused dessication and death of the leaf (data not shown).
The modest decrease in virulence of the toxG mutant is in contrast to the results seen with mutants of other TOX2 genes, such as HTS1, TOXC, TOXE, and TOXF, which are completely avirulent (17, 24 -26) . The most likely explanation for this is FIG. 3 . Dependence of TOXF and TOXG expression on TOXE. Twenty g of total RNA from wild type strain 164R10 (WT) and a toxE null strain (toxE) was separated in a denaturing formaldehyde gel and blotted to a nylon membrane. Three identical blots were probed separately with TOXF, TOXG, or GPD1 encoding glyceraldehyde-3-phosphate dehydrogenase as a RNA loading control. 6 . RNA blot verification of the independent mutation of TOXF and TOXG. Twenty g of total RNA from C. carbonum wild type strain 164R10 (WT), the toxF null mutant T696, and the toxG null mutant T698 was separated in a denaturing formaldehyde gel and blotted to a nylon membrane. Three identical blots were probed with TOXF, TOXG, or GPD1.
that HC-toxin II, which is still made by the toxG mutant, is sufficient for almost full virulence.
DISCUSSION
Many non-ribosomally synthesized peptides contain D-amino acids. Here we present evidence that D-Ala in the cyclic peptide HC-toxin is synthesized from the primary metabolite L-Ala by an alanine racemase encoded by TOXG. Like the other genes of the TOX2 locus, TOXG is specifically dedicated to HC-toxin biosynthesis because mutants of TOXG have no phenotype other than a failure to produce forms of HC-toxin that contain D-Ala. Furthermore, TOXG is clustered with another gene dedicated to HC-toxin production, TOXF, which itself was discovered by being within ϳ70 kb of other genes previously shown to be required for HC-toxin synthesis (26) . Mapping studies have shown that in isolate SB111, all copies of all of the TOX2 genes, including all three copies of TOXF/TOXG, are distributed over ϳ600 kb on the same chromosome, except for one copy of TOXE (23, 25) . 2 Hoffmann et al. (22) reported the purification and characterization of an alanine racemase involved in cyclosporin biosynthesis by the fungus T. niveum. The encoding gene (cssB) was isolated on the basis of peptide sequences obtained from the purified protein (35) . ToxGp and the product of cssB share significant similarity (42% overall amino acid identity). The involvement of specific alanine racemases in eukaryotic nonribosomal peptide synthesis is therefore not an isolated occurrence. TOXG and cssB are unrelated at the primary amino acid level to any known bacterial alanine racemase (36 -39). Nonetheless, TOXG could complement a D-Ala-deficient mutant of E. coli.
In addition to amino acid polymerization and peptide cyclization, some multifunctional NRPSs catalyze ␣-carbon epimerization. For example, gramicidin synthetase I and tyrocidine synthetase I, both of which are single-domain NRPSs, epimerize L-Phe to D-Phe by a mechanism involving pantothenic acid as co-factor and not, like known amino acid racemases, pyridoxal phosphate (40) . However, at least one other NRPS domain, domain A of cyclosporin synthetase, does not catalyze epimerization and relies instead on a separate enzyme to supply the required D-amino acid. HTS is the only known example of a NRPS that uses both types of epimerization mechanisms. The D-Pro of HC-toxin is produced directly by the first domain of HTS (18, 20) , whereas the D-Ala of HC-toxin is synthesized by a separate protein, ToxGp, and is then activated and incorporated into HC-toxin by the third domain of HTS.
HC-toxin biosynthesis differs from other non-ribosomal peptides in using two mechanisms to produce the necessary Damino acids. The organization of the HC-toxin biosynthetic genes is also unusual compared with other fungal secondary metabolites. Genes controlling biosynthesis of fungal secondary metabolites such as penicillins in Penicillium, aflatoxin/ sterigmatocystin in Aspergillus, trichothecenes in Fusarium, and gibberellins in Gibberella are highly clustered (41) (42) (43) (44) . In contrast, although some of the genes involved in HC-toxin biosynthesis (i.e. HTS1 with TOXA and TOXF with TOXG) are clustered (defined as being within ϳ3 kb of each other) (Refs. 26 and 28; this study), the other genes of HC-toxin biosynthesis are only loosely physically linked over ϳ600 kb (23) . The HCtoxin genes are also unusual in being present in multiple functional copies in all Tox2
ϩ isolates that have been tested, with the exception of some laboratory-generated strains such as 164R10 and 243-7 (25) . Despite their being only loosely physically linked, there is little or no crossing over, even between the TOX2 genes that are more than 280 kb apart (28) . This explains why the trait of HC-toxin biosynthesis appears to segregate as a single Mendelian locus, TOX2 (5, 45) .
TOXG is tightly clustered with TOXF, which is also specifically dedicated to HC-toxin biosynthesis (26) . TOXF is predicted to encode a BCAT, whose substrates are L-amino acids. Although the overall amino acid similarity is low between known BCATs and ToxFp, all of the nine essential active site residues are present (26) . We hypothesized that ToxFp is responsible for aminating a precursor of Aeo (e.g. 2-oxodecanoic acid). BCATs are structurally related to D-amino acid aminotransferases (44) , which is intriguing in light of the fact that TOXG encodes an enzyme that makes D-Ala. Insofar as clustered genes might encode enzymes that act in concert, this raises the possibility that ToxF is a D-amino acid aminotransferase rather than a BCAT. However, if D-Ala, produced by ToxGp, is the essential substrate for ToxFp, which in turn is essential for the production of Aeo, then mutation of ToxGp would be expected to eliminate Aeo synthesis and hence all forms of HC-toxin, not just those that contain D-Ala. Therefore, it seems unlikely that D-Ala is the amino donor substrate for ToxFp, and the reaction catalyzed by this protein remains to be established (26) . FIG. 7 . HC-toxin analysis of the toxG null mutant. Following chloroform extraction of the culture filtrates, HC-toxin was chromatographed on silica gel TLC and detected using an epoxide-specific reagent (10, 34) . WT, wild type strain 164R10; T698, toxG null mutant. In some cultures, the medium was supplemented with the indicated concentrations of D-Ala. The different forms of HC-toxin (I, II, and IV) are indicated on the left.
FIG. 8.
Pathogenicity assays of C. carbonum toxG mutants on maize of genotype hm1/hm1. Plants were inoculated with conidia of 164R10 (WT), single toxG mutant T697, and toxG null mutant T698. Representative leaves were photographed 2, 3, 4, 5, or 6 days postinoculation (dpi).
